Introduction
============

Angiogenesis has a critical role in tumor progression. Angiogenesis is a complex process which is defined as the development of new blood vessels from pre-existing vasculature,[@b1-dddt-9-1281] mainly involving endothelial cell proliferation, organization, and migration.[@b2-dddt-9-1281] Abnormal angiogenesis is associated with various pathological conditions such as cancer, rheumatoid arthritis, and diabetic retinopathy.[@b3-dddt-9-1281] In cancer states, a tumor remains dormant until it is capable of stimulating blood vessel growth from nearby capillaries as a prelude to metastasis and cancer progression.[@b4-dddt-9-1281] Therefore angiogenesis inhibition is considered an encouraging strategy in cancer therapy and other related diseases.[@b5-dddt-9-1281] In 2004 the US Food and Drug Administration (FDA) approved the first angiogenesis inhibitor bevacizumab (Avastin^®^) for the treatment of metastatic colorectal cancer. However, as of 2010, there were no more than ten drugs for this purpose approved by the US FDA.[@b6-dddt-9-1281]

*Murraya koenigii* (curry tree) is an edible herb which is also used in folk medicine. It belongs to the Citrus family, Rutaceae, native to most parts of Asia including Malaysia, India, the People's Republic of China, and Sri Lanka. *M. koenigii* is a tonic plant and is used in various disease conditions,[@b7-dddt-9-1281] with a potential role as a remedy for cancer.[@b8-dddt-9-1281] Other uses, such as antioxidant properties, anti-fungal, anti-diabetic, anti-bacterial, anti-diarrheal and anti-dysentery effects have also been described.[@b9-dddt-9-1281] In addition, a mixture of *M. koenigii* leaves with fat separated butter is widely used for the treatment of diabetes, amebiasis, and hepatitis.[@b10-dddt-9-1281]

Studies have established the anti-cancer potential of carbazole alkaloids against various cancer cell lines with some already entering clinical trials.[@b11-dddt-9-1281],[@b12-dddt-9-1281] In 1999, Ramsewak et al reported that carbazole alkaloids obtained from *M. koenigii* showed cytotoxic capacity.[@b13-dddt-9-1281] Girinimbine was the first of many *M. koenigii* carbazole alkaloids that have since been isolated and identified.[@b14-dddt-9-1281] Girinimbine (3,3,5-trimethyl-11H-pyrano\[3,2-a\]carbazole, [Figure 1A](#f1-dddt-9-1281){ref-type="fig"}) is a pyranocarbazole isolated from the stem bark of *M. koenigii*, and is also present in *Clausena heptaphylla* and *Clausena dunniana* from the Rutaceae family.[@b15-dddt-9-1281],[@b16-dddt-9-1281] Girinimbine isolated from the root of *M. koenigii* was shown to have anticancer effects involving free radical scavenging and apoptosis.[@b17-dddt-9-1281],[@b18-dddt-9-1281] Furthermore it demonstrated anti-platelet activity through inhibition of cyclooxygenase activity.[@b19-dddt-9-1281] Girinimbine was also reported to be cytotoxic against various cell lines, causing cell death via apoptotic processes. Other pharmacological effects of pyranocarbazole girinimbine include anti-trichomonal, anti-bacterial, and anti-tumor activities.[@b20-dddt-9-1281]--[@b22-dddt-9-1281]

The zebrafish (*Danio rerio*) is a tropical freshwater fish capable of producing hundreds of embryos per mating under optimal conditions. These large numbers, optical clarity during embryonic development, short generation time, ease of maintenance, high permeability to small molecules, and ease of scoring blood vessel formation make the zebrafish embryo an attractive system for the study of genetics, immunity, cancer, and angiogenesis.[@b23-dddt-9-1281] Moreover, the formation of inter-segmental vessels (ISVs) and sub-intestinal veins in the early embryo is well characterized and easy to monitor for angiogenesis studies.[@b24-dddt-9-1281]

Here, we demonstrated that girinimbine acts as an anti-angiogenic agent by dose- and time-dependent inhibition of angiogenesis in human umbilical vein endothelial cells (HUVECs) and zebrafish embryos. Our findings strongly suggest that girinimbine might be a potent agent for cancer therapeutics.

Materials and methods
=====================

Ethics statement
----------------

All animal experimental procedures were approved by the Faculty of Medicine Institutional Animal Care and Use Committee (ethics number: 2013-11-12/PHARM/R/VI).

Plant material
--------------

Girinimbine used in this research was kindly gifted to us by Prof Mohamed Aspollah Sukari, Department of Chemistry, Faculty of Science, University Putra Malaysia. Extraction method and spectroscopic data have been reported previously.[@b25-dddt-9-1281] Stock solution of girinimbine was stored at a concentration of 10 mg/mL in dimethyl sulfoxide (DMSO). The final concentration of DMSO was 0.1% (v/v). Different concentrations of girinimbine were prepared by serial dilution. DMSO (0.1%) was used as control.

Cell culture
------------

HUVECs, (Lonza, Basel, Switzerland) were cultured in endothelial basal media (EBM)-2 media and supplemented with a bullet kit which contains various growth factors (ascorbic acid, bovine brain extract, fetal bovine serum \[FBS\], insulin-like growth factor \[IGF\], human epidermal growth factor \[hEGF\], human fibroblast growth factor \[hFGF\], vascular endothelial growth factor \[VEGF\], hydrocortisone, heparin), antibiotic (gentamicin), and anti-fungal (amphotericin-B) (Lonza). Colon epithelial normal cells, CCD-841 (American Type Culture Collection, Manassas, VA, USA) were cultured in Roswell Park Memorial Institute (RPMI) 1640 media and supplemented with 10% FBS; and 1% penicillin/streptomycin (both from ScienCell, Carlsbad, CA, USA). Both cell lines were maintained at 37°C and 5% CO~2~ in a humidified incubator.

Cell viability assay
--------------------

MTT assay determines the percentage of growth inhibition. It is a colorimetric assay in which yellow water-soluble MTT dye is turned into an insoluble purple color in viable cells by the mitochondrial enzyme succinate dehydrogenase. The effect of girinimbine on the inhibition of proliferation on HUVECs and CCD-841 cell lines were tested by using the MTT assay according to the described protocols.[@b26-dddt-9-1281]

Scratch-wound healing assay
---------------------------

The wound healing assay was performed as described previously.[@b27-dddt-9-1281] HUVECs with a density of 2×10^5^ were seeded in 6 well plates coated with 1% gelatin, and grown in EBM-2 media containing all supplements with 10% FBS. After 24 hours, confluent monolayers were gently scratched with a sterile 200 μL tip to create a uniform wound area. After scratching, cells were incubated in fresh media with 2.5, 5, and 10 μg/mL of girinimbine. Cell movement and migration into the wound area were examined after 6, 12, and 24 hours by phase contrast microscopy using a 10× objective. The result was quantified using the WimScratch Image analyzer software (Wimasis GmbH, Munich, Germany).

Capillary tube formation assay
------------------------------

The effect of girinimbine on HUVECs' morphogenesis was assessed by using in vitro capillary tube formation assay on basement membrane extract (BME; Trevigen, Gaithersburg, MD, USA). In brief, cells with a density of 2×10^4^ cells/well were seeded on 96-well plates which were pre-coated with BME and treated with girinimbine at concentrations of 2.5, 5, and 10 μg/mL, respectively. VEGF at 5 ng/mL and sulforaphane at 5 μM were used as negative and positive controls, respectively. After 24 hours' incubation, the media was removed and cells were washed, fixed, and stained with 2 μM calcein AM solution. Cells were visualized under fluorescence microscopy (Olympus BX61; Olympus Corporation, Tokyo, Japan) and WimTube Image analyzer software (Wimasis) was used for data analysis.

Invasion assay
--------------

Cell invasion assay is another key assessment of angiogenesis. The effect of girinimbine on HUVECs' invasion was performed using an invasion chamber with 8 micron polyethylene terephthalate membrane and culture chamber and assay chamber (Trevigen). Briefly, the top invasion chamber was coated with coating buffer, 0.1× and 1× BME coating solution and incubated overnight. HUVECs with a density of 2×10^4^ cells/well were added to the top chamber with different concentrations of girinimbine (2.5, 5, 10 μg/mL). Sulforaphane at 5 μM and VEGF at 5 ng/mL were used as positive and negative controls, respectively. After a 24 hour incubation, non-invasive cells on the upper surface of the membrane were washed and the invasion chamber was transferred to the assay chamber. Two mM calcein AM in cell dissociation solution was added to the assay chamber and incubated for 1 hour. The invasion chamber was removed and assay chamber was read at 485 nm excitation, 520 nm emission. Results were calculated by using a standard curve and converted relative fluorescent unit to cell number and determined invasion percentage.

Human angiogenesis proteome profiler array
------------------------------------------

To investigate the signaling pathways by which girinimbine affects angiogenesis, we performed a determination of angiogenesis-related protein expression using the Proteome Profiler Array (RayBio Human Apoptosis Antibody Array Kit; RayBiotech, Norcross, GA, USA) according to the manufacturer's instructions. In brief, HUVECs were treated with girinimbine, after which 200 μg of extracted proteins from each sample was incubated with the human angiogenesis array overnight. The fluorescence signals were visualized through the Agilent High Resolution Microarray Scanner (C-Scanner; Agilent Technologies, Santa Clara, CA, USA). Row signal data were extracted from the TIFF image with GenePixPro 6.1 microarray and analysis software (Molecular Devices LLC, CA, USA) and analyzed using Q-Analyzer (Ray Biotech, Inc, GA, USA).

In vivo zebrafish assay
-----------------------

Adult zebrafish were maintained at 28°C in a recirculating aquaculture system with 14/10 hour day/night light cycle. Embryos were generated by natural pair-wise mating of adult fish. Breeding boxes were placed into the fish tank overnight. Embryos were collected in the morning and transferred into petri dishes containing system water (0.2 g/L ocean salt in distilled water) and subsequently maintained at 28.5°C. Healthy fertilized embryos at 20 hours post fertilization (hpf) (21 somite stage) were dechorionated manually prior to incubation in system water containing girinimbine (20 μg/mL). DMSO (1%) and SU5416 (0.25 μg/mL) were used as negative and positive controls respectively. After 24 hours of treatment, embryos were returned to normal system water. Embryos were visually observed and monitored daily up to 72 hpf for viability, gross morphological defects, and blood circulation under a stereomicroscope (Olympus SZX10, Olympus Corporation). At 72 hpf embryos were euthanized and fixed in 4% paraformaldehyde at 4°C overnight. In situ endogenous alkaline phosphatase staining was performed to visualize ISVs.[@b28-dddt-9-1281]

Statistical analysis
--------------------

Assays were assessed in three independent experiments. Statistical significance was analyzed by using one-way analysis of variance (ANOVA) tests or unpaired Student's *t*-test using Graphpad Prism version 6.0 (Graphpad Software, Inc., La Jolla, CA, USA). Statistical significance is expressed as \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05.

Results
=======

Girinimbine inhibits the proliferation of HUVECs
------------------------------------------------

Cell viability was analyzed by MTT assay, which measures the cell metabolic activity. In order to rule out the probability of non-selective cytotoxic effects, girinimbine was also tested in parallel on HUVECs and CCD-841 human colon epithelial cells. We performed the treatments with seven concentrations of girinimbine ranging between 1.5--100 μg/mL for 24 hours. As shown in [Figure 1B](#f1-dddt-9-1281){ref-type="fig"}, girinimbine inhibited the proliferation of HUVECs in a dose-dependent manner with an IC~50~ value of 5±0.57 μg/mL whilst the anti-proliferative effect on the CCD-841 cells was minimal, with an IC~50~ of 20.32±0.41 μg/mL ([Table 1](#t1-dddt-9-1281){ref-type="table"}).

Girinimbine inhibits the migratory ability of HUVECs
----------------------------------------------------

HUVECs were treated with different concentrations of girinimbine for 6, 12, and 24 hours after which we observed that the migration of HUVECs was inhibited by girinimbine treatment ([Figure 2A](#f2-dddt-9-1281){ref-type="fig"}). Additionally, incubating HUVECs in increasing concentrations of girinimbine resulted in a time- and dose-dependent suppression of HUVEC migration. Quantitative determination of the invaded area showed a significant inhibitory effect after 24 hours in 10 μg/mL of girinimbine ([Figure 2B](#f2-dddt-9-1281){ref-type="fig"}).

Girinimbine inhibits morphogenesis of HUVECs
--------------------------------------------

Treatment by girinimbine causes immense disruption of the capillary tubes network in contrast to untreated controls ([Figure 3A](#f3-dddt-9-1281){ref-type="fig"}). The tubular structure in girinimbine-treated wells was rather incomplete with fewer branch points and shorter tube length. VEGF, an endogenous pro-angiogenic factor, and sulforaphane, a well-known angiogenic inhibitor were used as negative and positive controls, respectively. VEGF stimulated complete and well-formed networking of capillary tubes while sulforaphane completely inhibited tube formation. Girinimbine at 2.5, 5, and 10 μg/mL significantly reduced percentage of covered area, number of connected tubes, and total tube length compared to untreated controls ([Figure 3B](#f3-dddt-9-1281){ref-type="fig"}). Quantification measurements demonstrated that girinimbine effectively inhibited HUVECs' tube formation in a dose-dependent manner. This observation suggests that girinimbine has an inhibitory effect on angiogenesis.

Girinimbine inhibits endothelial cell invasion
----------------------------------------------

Girinimbine was shown to induce an anti-invasive effect on HUVECs in a dose-dependent manner ([Figure 4](#f4-dddt-9-1281){ref-type="fig"}). The rate of invasion decreased from thinner barriers (coating buffer and 0.1× BME) to the thicker barrier (1× BME). The highest invasion was observed in untreated controls in full supplemented media (endothelial cell growth medium) and the lowest one, in EBM which demonstrated an important role of growth factors on cell invasion. Girinimbine at concentrations of 2.5, 5, and 10 μg/mL inhibited cell invasion in all three different barriers as well, despite the presence of growth factors.

Effect of girinimbine on markers of angiogenesis
------------------------------------------------

After girinimbine (5 μg/mL) exposure, HUVECs were lysed and markers of angiogenesis were screened using a protein array. Girinimbine treatment significantly decreased the expression of VEGF and bFGF, two proteins that are important in sustaining angiogenesis ([Figures 5A](#f5-dddt-9-1281){ref-type="fig"}, C--E). In addition, other major proteins involved in angiogenesis (angiopoietin-1 and -2, angiogenin, epithelial-derived neutrophil-activating peptide \[ENA\]-78, granulocyte macrophage-colony stimulating factor \[GM-CSF\], interleukin \[IL\]-1 alpha and beta, IL-6 and 8, monocyte chemotactic protein \[MCP\] 1, matrix metallopeptidase \[MMP\]-9, platelet endothelial cell adhesion molecule 1 \[PECAM-1\], platelet-derived growth factor BB \[PDGF-BB\], tumor necrosis factor \[TNF\]-alpha, urokinase-type plasminogen activator receptor \[uPAR\]) were significantly down-regulated ([Figures 5A](#f5-dddt-9-1281){ref-type="fig"}--F). All these markers are involved in mediating various angiogenesis steps, including cell proliferation, tube formation, invasion, hematopoiesis, vessels' maturation and stabilization. Meanwhile the treatment resulted in upregulation in the levels of expression of anti-angiogenic markers such as endostatin, interleukin 4 (IL-4) and tissue inhibitor of matrix metalloproteinases-1 (TIMP-1) ([Figures 5B](#f5-dddt-9-1281){ref-type="fig"}, F--H). These markers play important roles in inhibition of endothelial tube formation, activation of anti-tumor agents, prevention of vascular growth, and shrinkage of existing blood vessels.

Girinimbine inhibits ISV formation in zebrafish embryos
-------------------------------------------------------

Zebrafish embryos were exposed to girinimbine at 20 hpf (21 somite stage), prior to the development of the ISVs in order to determine the effects of girinimbine on angiogenesis. Following 24 hours exposure embryos were returned to system water for the subsequent 24 hours and development of ISVs was monitored. Pericardial edema was observed in almost all of the surviving embryos that had been treated with either girinimbine or SU5416 ([Figures 6A](#f6-dddt-9-1281){ref-type="fig"}--I). Additionally, hemorrhages were observed over the yolk sac, and tail bending, whole body curvature, and yolk sac enlargement were other marked abnormal phenotypes seen in treated embryos ([Figures 6E](#f6-dddt-9-1281){ref-type="fig"}--F, H--I). These abnormalities are summarized in [Figure 6J](#f6-dddt-9-1281){ref-type="fig"}. The percentages of viable embryos at 48 and 72 hpf are shown in [Tables 2](#t2-dddt-9-1281){ref-type="table"} and [3](#t3-dddt-9-1281){ref-type="table"}. The percentage of viability at 72 hpf for SU5416-treated embryos was 80% with 100% of embryos displaying disruption in blood circulation, while girinimbine-treated embryos had 80% survival at 72 hpf, with 83.3% of embryos displaying disrupted angiogenesis ([Table 3](#t3-dddt-9-1281){ref-type="table"}). In contrast, the percentage of viable embryos in the vehicle control group (1% DMSO) was 100% ([Table 2](#t2-dddt-9-1281){ref-type="table"}), with all embryos displaying normal blood circulation ([Table 3](#t3-dddt-9-1281){ref-type="table"}). Under light microscopy, the ISVs of vehicle controls were observed to be well formed with robust circulation whereas embryos treated with girinimbine showed incomplete ISV formation, which was also seen in positive control SU5416 embryos. At 72 hpf, endogenous alkaline phosphatase staining was done in situ to visualize the blood vessels in fixed embryos. As seen in [Figure 7A](#f7-dddt-9-1281){ref-type="fig"}, ISVs were well developed in vehicle control embryos at 72 hpf, with ISVs arranged in a regular array. Treatment with 20 μg/mL of girinimbine or SU5416 caused disruption in vessel formation ([Figure 7B](#f7-dddt-9-1281){ref-type="fig"}--C). These data suggest that girinimbine inhibits neo-vascularization in zebrafish, therefore inhibiting angiogenesis, which is in agreement with in vitro data.

Discussion
==========

Herbs have been used in traditional medicine for centuries and are regarded as a valuable source of therapeutic agents. *M. koenigii* is one of the richest sources of carbazole alkaloids among all curry trees and exhibits various biological activities including anti-oxidative, anti-mutagenic, anti-tumor, and anti-inflammatory activities.[@b19-dddt-9-1281] *M. koenigii* has also been shown to have strong anti-tumor activity against leukemia, breast and cervical cancer cell lines.[@b29-dddt-9-1281],[@b30-dddt-9-1281] Studies on pure compounds derived from *M. koenigii* are limited. Girinimbine is a carbazole alkaloid extracted from the root and stem bark of *M. koenigii*, and has been found to have anti-cancer activities against various human cancer cell lines.[@b17-dddt-9-1281],[@b18-dddt-9-1281]

Angiogenesis is a highly regulated process involving a fine balance between pro- and anti-angiogenic factors. Increasing evidence suggests that imbalance between pro-angiogenic factors, which promote angiogenesis (VEGF, bFGF, MMPs, MCP-1, angiogenin-1, -2) and anti-angiogenic factors which inhibit the growth of new blood vessels (angiostatin, endostatin, IL-4) occurs in diseases with impaired angiogenesis. Over-expression of pro-angiogenic factors leads to formation of new vasculature that is structurally abnormal at microscopic and macroscopic levels. These abnormalities are exacerbated as a tumor continues to grow.[@b31-dddt-9-1281],[@b32-dddt-9-1281]

Anti-angiogenic therapy could be a promising strategy for anti-cancer therapeutics.[@b33-dddt-9-1281] In this study, we demonstrated the anti-angiogenic potential of girinimbine by its effects on various angiogenic functions of HUVECs, the commonly used endothelial cells for in vitro angiogenesis assays. MTT assays established that girinimbine inhibited the proliferation of HUVECs in a dose-dependent manner and was noteworthy for its non-cytotoxicity at these doses. Moreover, normal colon epithelial cells (CCD-841) were shown to be resistant to girinimbine at the same dose, suggesting there is selective inhibitory function by girinimbine against endothelial cells.

Girinimbine was also found to significantly inhibit the migration, invasion, and tube formation of HUVECs. Endothelial cell migration is one of the key steps in angiogenesis, highlighting the ability to invade surrounding spaces. The results obtained from the wound healing assay clearly showed that girinimbine was able to inhibit endothelial cell migration at the concentrations used. This result was confirmed in the protein array analysis, whereby there was downregulation of GM-CSF, which plays a critical role in activation of endothelial cell migration and proliferation.[@b34-dddt-9-1281]

Capillary tube formation involves attachment, matrix remodeling and organization of endothelial cells in a 3D network, and is another requirement for angiogenic progression. HUVECs plated on BME, once stimulated by VEGF, secrete proteases to invade the gel and align themselves to form cords.[@b35-dddt-9-1281],[@b36-dddt-9-1281] Using a similar approach, we showed that girinimbine in the presence of VEGF could disrupt tube formation, and the minimal inhibitory concentration for disruption was 2.5 μg/mL ([Figure 4](#f4-dddt-9-1281){ref-type="fig"}). Interestingly, results from the protein array showed that the expressions of proteins regulating vascular tube formation, such as IL-1 alpha, IL-6, IL-8, and MCP-1 were significantly decreased, which served to confirm tube formation inhibition by girinimbine.[@b37-dddt-9-1281]--[@b40-dddt-9-1281]

Cell invasion was also inhibited by girinimbine. Despite the presence of growth factors and different concentrations of barriers (coating buffer, 0.1% and 1% BME) girinimbine was found to reduce the total number of cells migrating through the gels ([Figure 4](#f4-dddt-9-1281){ref-type="fig"}). The inhibitory effect was likely to have been achieved through downregulation of key invasion proteins including MMP-9, uPAR, and angiopoietin-1 which play critical roles in degradation of basement membranes and stromal extracellular matrix for invasion and metastasis of invaded cells ([Figures 5A](#f5-dddt-9-1281){ref-type="fig"}, B).[@b41-dddt-9-1281]--[@b43-dddt-9-1281] Degradation of extracellular matrix is crucial for invasion and metastasis, and MMPs are pivotal proteinases in this process.[@b44-dddt-9-1281]

To further investigate the mechanisms of the anti-angiogenic properties observed following girinimbine treatment, we performed an angiogenesis-related protein array and found significant differences in the expressions of 20 markers responsible for various angiogenic functions. Two pro-angiogenesis factors, namely VEGF and bFGF, trigger new vessel formation; when these proteins bind to appropriate receptors (VEGFR1, 2, 3 and FGFR1, 2) on endothelial cells, a series of signals is activated into the nucleus to produce relay proteins needed for new endothelial cell growth. There is also secretion of proteases followed by degradation of the vessel basement membrane, in order to allow cells to invade the surrounding matrix. Cells proliferate, migrate, and eventually differentiate to form a new, lumen-containing vessel. Therefore inhibition of VEGF and bFGF could lead to successful anti-angiogenic and anti-tumor effects.[@b45-dddt-9-1281]

Our results indicated that girinimbine did indeed exert its anti-angiogenic effect by downregulation of VEGF and bFGF proteins. Inhibition of VEGF and bFGF expression would have resulted in the inhibition of protein induction for protein groups required for endothelial cell growth and proliferation. As seen in [Figure 6](#f6-dddt-9-1281){ref-type="fig"}, girinimbine treatment also resulted in the downregulation of other angiogenic related proteins such as IL-1 beta which is involved in early angiogenesis and activation of endothelial cells to secrete VEGF.[@b46-dddt-9-1281] Other downregulated markers were angiopoietin-2, TNF-alpha, and PECAM-1. Angiopoietin-2 in conjunction with VEGF promotes neo-vascularization and TNF-alpha mediates endothelial cell proliferation and stimulates VEGF expression.[@b47-dddt-9-1281],[@b48-dddt-9-1281] PECAM-1, a multi-functional vascular cell adhesion and signaling molecule, is also involved in endothelial tube formation, migration, endothelial cell--cell adhesion, and endothelial cell-matrix adhesion in the formation of new vessels.[@b44-dddt-9-1281] Moreover angiogenin and ENA-78 are other down-regulated markers which are responsible for cell proliferation and new vessels' formation respectively.[@b49-dddt-9-1281],[@b50-dddt-9-1281] PDGFB, which was also inhibited, is secreted at the final step of angiogenesis to attract supporting cells such as pericytes to regulate vessel stability.[@b51-dddt-9-1281]

The downregulation of these angiogenic markers was concomitant with the upregulation of anti-angiogenic markers including angiostatin which is involved in the inhibition of proangiogenic factors,[@b52-dddt-9-1281] IL-4 which modulates neovascularization,[@b53-dddt-9-1281] and TIMP-1 which is a known suppressor of angiogenesis.[@b54-dddt-9-1281] Based on this result, we concluded that girinimbine had a direct effect by significantly decreasing the expressions of angiogenic proteins while increasing the expressions of anti-angiogenic markers.

In addition, the anti-angiogenic potential of girinimbine was evidenced in vivo. The use of zebrafish as an in vivo angiogenesis model has gained much attention due to its physiological similarities to mammals.[@b55-dddt-9-1281],[@b56-dddt-9-1281] We were able to show that girinimbine (20 μg/mL) effectively inhibited angiogenesis in zebrafish embryos following 24 hour exposure ([Figure 7B](#f7-dddt-9-1281){ref-type="fig"}). Exposure to higher concentrations of girinimbine did not result in toxicity to the embryos, and 20 μg/mL was the minimum concentration of girinimbine to effectively inhibit ISV formation. The anti-angiogenic effect seen with girinimbine treatment however was not as profound as that seen with SU5416 treatment, which produced specific anti-angiogenic effects at 0.25 μg/mL ([Tables 2](#t2-dddt-9-1281){ref-type="table"} and [3](#t3-dddt-9-1281){ref-type="table"}).

Conclusion
==========

Our results demonstrated that girinimbine is a potent anti-angiogenic compound both in vitro and in vivo, targeting a number of key proteins in angiogenesis. To the best of our knowledge, these results represent the first line of evidence for a novel biological function for girinimbine as an angiogenic inhibitor. Improvement of its current structure for more effective and specific derivatives could also be considered for future development of girinimbine as an anti-angiogenic therapeutic agent.
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![Selective cytotoxicity of girinimbine on endothelial cells.\
**Notes:** (**A**) Structure of girinimbine (3,3,5-trimethyl-11H-pyrano\[3,2-a\]carbazole). (**B**) Dose-dependent cytotoxic effect of girinimbine on HUVECs and CCD-841.\
**Abbreviation:** HUVECs, human umbilical vein endothelial cells.](dddt-9-1281Fig1){#f1-dddt-9-1281}

![The effect of girinimbine on HUVECs' migratory ability was determined by scratch-wound healing assay.\
**Notes:** (**A**) Invaded areas in control and girinimbine-treated (2.5, 5, 10 μg/mL) after 24 h. (**B**) Quantification of the number of migrated cells after 6, 12, and 24 h exposure to indicated concentrations of girinimbine. Data are shown as percent of cell migration compared to 0 h control. Statistical significance is expressed as \*\**P*\<0.01, \**P*\<0.05 versus control.\
**Abbreviations:** HUVECs, human umbilical vein endothelial cells; h, hour(s).](dddt-9-1281Fig2){#f2-dddt-9-1281}

![Girinimbine inhibits morphogenesis of endothelial cells.\
**Notes:** (**A**) Representative images of fluorescent stained HUVECs which were treated with different concentrations of girinimbine in comparison with untreated, positive (VEGF) and negative (sulforaphane) controls. (**B**) Quantification data for the effect of girinimbine on the tube formation indexes including percentage of covered area, total tube length, and number of connected tubes. Data are shown as means ± SEM of three independent experiments. Statistical significance is expressed as \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05 versus untreated control.\
**Abbreviations:** HUVECs, human umbilical vein endothelial cells; SEM, standard error of the mean; VEGF, vascular endothelial growth factor.](dddt-9-1281Fig3){#f3-dddt-9-1281}

![Girinimbine inhibits HUVECs' invasion in dose-dependent manner.\
**Notes:** Compared to the control, girinimbine treatment resulted in significant inhibition of HUVECs through coating buffer, 0.1× and 1× BME. Data are given as number of invading cells and are means of two different assays (each carried out in triplicate). Significance is expressed as \*\*\**P*\<0.001; \*\**P*\<0.01.\
**Abbreviations:** HUVECs, human umbilical vein endothelial cells; BME, basement membrane extract; EBM, endothelial basal medium; EGM, endothelial growth medium.](dddt-9-1281Fig4){#f4-dddt-9-1281}

![Effect of girinimbine on angiogenesis markers.\
**Notes:** Cells were lysed and protein arrays were performed. Cells were treated with 5 μg/mL girinimbine for 24 hours and whole cell protein was extracted. Equal amounts of protein (100 μg) from each sample were used for the assay. (**A**, **B**) Quantitative analysis in the arrays showed differences in the angiogenesis markers. (**C**) Representative images of the angiogenesis protein array (series 1) are shown for the control and (**D**) treatment. (**E**) The exact protein name of each dot in the array. (**F**) Representative images of the angiogenesis protein array (series 2) are shown for the control (**G**) and treatment. (**H**) The exact protein name of each dot in the array. Statistical significance is expressed as \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05 versus untreated control.\
**Abbreviations:** EGF, epidermal growth factor; ENA, epithelial-derived neutrophil-activating peptide; GM-CSF, granulocyte macrophage-colony stimu lating factor; IFN, interferon; IL, interleukin; I-TAC, interferon-inducible T-cell alpha chemoattractant; MCP, monocyte chemoattractant protein; MMP, matrix metallopeptidase; NEG, negative; PDGF-BB, platelet-derived growth factor BB; PECAM-1, platelet endothelial cell adhesion molecule 1; PIGF, phosphatidylinositol-glycan biosynthesis class F; POS, positive; TGF, transforming growth factor; TIMP, tissue inhibitor of matrix metalloproteinases; TNF, tumor necrosis factor; uPAR, urokinase-type plasminogen activator receptor; VEGF-D, vascular endothelial growth factor D; VEGF-R2, vascular endothelial growth factor receptor 2; VEGF-R3, vascular endothelial growth factor receptor 3; RANTES, Regulated on Activation, Normal T Cell Expressed and Secreted; G-CSF, granulocyte colony stimulating factor; b FGF, basic fibroblast growth factor; b, basic.](dddt-9-1281Fig5){#f5-dddt-9-1281}

![Morphological features of zebrafish embryos.\
**Notes:** (**A**--**C**) 24, 48, and 72 hpf vehicle control embryos in 1% DMSO, (**D**--**F**) embryos treated with 20 μg/mL of girinimbine, (**G**--**I**) embryos treated with SU5416 (positive control). Yolk enlargement, pericardial edema, tail bending, and hemorrhage can clearly be seen in both treated embryos. (**J**) Phenotype analysis of zebrafish embryos treated with girinimbine, SU5416 and DMSO at 72 hpf.\
**Abbreviations:** hpf, hours post fertilization; DMSO, dimethyl sulfoxide.](dddt-9-1281Fig6){#f6-dddt-9-1281}

![Girinimbine inhibits angiogenesis in the in vivo zebrafish embryo model. **Notes:** Zebrafish embryos at 24 hpf were dechorionated manually and treated with girinimbine (20 μg/mL), SU5416 (0.25 μg/mL), and 1% DMSO for 24 hours. Thereafter, the treatment was removed and the embryos were maintained in normal embryo water for another 24 hours and euthanized, then fixed in 4% paraformaldehyde prior to endogenous alkaline phosphatase activity to visualize the blood vessels. (**A**) Vehicle control embryo in DMSO. (**B**) Girinimbine treated embryo. (**C**) Positive control embryo treated with SU5416. White arrows denote inhibited ISVs.\
**Abbreviations:** hpf, hours post fertilization; DMSO, dimethyl sulfoxide; ISVs, inter-segmental vessels.](dddt-9-1281Fig7){#f7-dddt-9-1281}

###### 

MTT results of girinimbine on HUVECs and CCD-841

            IC~50~ values (μg/mL)
  --------- -----------------------
  HUVECs    5.0±0.57
  CCD-841   20.32±0.41

**Abbreviations:** HUVECs, human umbilical vein endothelial cells; MTT, MTT assay; IC~50~, measure of half maximum inhibitory concentration.

###### 

Percentage of embryo viability following treatment with girinimbine

  Treatment                              Number of embryos   Number of fatalities at 48 and 72 hpf                                                            Percentage of viability (%)
  -------------------------------------- ------------------- ------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------
  Girinimbine, 20 μg/mL                  30                  5[\*](#tfn2-dddt-9-1281){ref-type="table-fn"}; 1[\*\*](#tfn3-dddt-9-1281){ref-type="table-fn"}   83.2%[\*](#tfn2-dddt-9-1281){ref-type="table-fn"}; 80%[\*\*](#tfn3-dddt-9-1281){ref-type="table-fn"}
  SU5416 (positive control) 0.25 μg/mL   30                  4[\*](#tfn2-dddt-9-1281){ref-type="table-fn"}; 2[\*\*](#tfn3-dddt-9-1281){ref-type="table-fn"}   86.6%; 80%
  DMSO (vehicle control) 1%              30                  2                                                                                                93.3%

**Notes:**

Number of fatalities observed at 48 hpf (after 24 hour treatment).

Number of fatalities observed at 72 hpf (24 hour treatment followed by 24 hour recovery in system water).

**Abbreviations:** DMSO, dimethyl sulfoxide; hpf, hours post fertilization.

###### 

Inhibition of angiogenesis in zebrafish embryos

  Treatment     Number of embryos with inhibited vessels   Embryos with inhibited vessels (%)       
  ------------- ------------------------------------------ ------------------------------------ --- -------
  Girinimbine   6                                          8                                    6   83.3%
  SU5416        10                                         5                                    9   100%
  DMSO          0                                          0                                    0   0%

**Notes:**

Inhibition of ≥4 ISVs.

Inhibition of ≥3 ISVs.

Absence of ISVs.

**Abbreviations:** DMSO, dimethyl sulfoxide; ISVs, inter-segmental vessels.
